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Export of newly synthesized G protein-coupled re- 
ceptors (GPCRs) remains poorly characterized. We 
show in this paper that lipocalin-type prostaglan- 
din D2 (PGD2) synthase (L-PGDS) interacts intracellularly 
with the GPCR DPI in an agonist-independent manner. 
L-PGDS promotes cell surface expression of DPI , but not of 
other GPCRs, in HEK293 and HeLa cells, independent of 
L-PGDS enzyme activity. In addition, formation of a DPI — 
Hsp90 complex necessary for DPI export to the cell sur- 
face is dependent on the interaction between L-PGDS and 
the C-terminal MEEVD residues of Hsp90. Surprisingly, 



PGD 2 synthesis by L-PGDS is promoted by coexpression 
of DPI , suggesting a possible intracrine/autocrine signal- 
ing mechanism. In this regard, L-PGDS increases the 
formation of a DP1-ERK1/2 complex and increases DPI - 
mediated ERK1/2 signaling. Our fi ndings define a novel 
cooperative mechanism in which a GPCR (DPI ) promotes 
the activity of the enzyme (L-PGDS) that produces its ago- 
nist (PGD2) and in which this enzyme in turn acts as a co- 
factor (of Hsp90) to promote export and agonist-dependent 
activity of the receptor. 



Introduction 

Prostaglandins (PGs) are lipid autacoids generated from arachi- 
donic acid by the action of cyclooxygenases that produce PGH 2 , 
which is further metabolized by specific synthases to produce 
PGs, such as PGD 2 (Hirata and Narumiya, 2012). There are two 
types of PGD 2 synthases. The glutathione-dependent hemato- 
poietic PGD 2 synthase (H-PGDS) is mostly expressed in mast 
cells (Urade et al., 1990), megakaryocytes (Fujimori et al., 
2000), and T-helper 2 lymphocytes (Tanaka et al., 2000), 
whereas the lipocalin-type PGD 2 synthase (L-PGDS) is gluta- 
thione independent and abundantly expressed in the central ner- 
vous system, the heart, the retina, and the genital organs (Urade 
and Hayaishi, 2000). 

PGD 2 produces its actions through the activation of two 
different types of G protein-coupled receptors (GPCRs), the 
D prostanoid receptor (DPI) and the chemoattractant receptor- 
homologous molecule expressed on Th2 cells (CRTH2, also 
known as DP2). Signaling through DPI causes inhibition of plate- 
let aggregation, bronchodilation, and vasodilation and inhibition 



of apoptosis of eosinophils, migration, and degranulation of ba- 
sophils (Chiba et al., 2011) as well as inhibition of bone 
resorbing activity (Durand et al., 2008). 

GPCRs are among the most abundant membrane proteins 
in humans. They respond to a plethora of ligands to transmit their 
extracellular signals inside the cell (Lebon and Tate, 2012). They 
are synthesized in the ER and are then transported to the cell sur- 
face where they are typically activated (Conn et al., 2007). Along 
their life cycle, GPCRs are accompanied by a range of special- 
ized GPCR-interacting proteins to assist nascent receptors in 
proper folding, to target them to the appropriate subcellular com- 
partments, and to fulfill their signaling tasks (Magalhaes et al., 
2012). Dysregulation of GPCR folding, trafficking, and signaling 
contributes to many pathophysiological processes (Belmonte and 
Blaxall, 2011; Ulloa-Aguirre and Michael Conn, 2011; Vassart 
and Costagliola, 2011; Lappano and Maggiolini, 2012). How- 
ever, the specific molecular mechanisms underlying these path- 
ways for GPCRs are still largely unknown. 
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Figure 1 . L-PGDS colocalizes intracellularly with DPI. (A) HEK293 cells were transiently transfected with a pcDNA3-Flag-DPl construct for 48 h. The cells 
were fixed and prepared for confocal microscopy as described under Materials and methods. DPI was visualized using Flag-specific monoclonal and 
Alexa Fluor 488-conjugated anti-mouse IgG antibodies (green). Endogenous PDI was detected using a PDI-specific polyclonal antibody and Alexa Fluor 
546-conjugated anti-rabbit IgG (red). An overlay of staining patterns of green-labeled DPI and red-labeled PDI (merge) and the corresponding fluorogram 
are shown. (B) HEK293 cells were transiently transfected with pcDNA3-Flag-DP1 , pcDNA3-L-PGDS-HA, or both for 48 h. The cells were then fixed and 
prepared for confocal microscopy as in A. L-PGDS was visualized using HA-specific monoclonal and Alexa Fluor 633-conjugated anti-mouse IgG antibod- 
ies (red). DPI was visualized using a Flag-specific polyclonal and Alexa Fluor 488-conjugated anti-rabbit IgG antibodies (green). An overlay of staining 
patterns of the green-labeled DPI and red-labeled L-PGDS (merge) and the corresponding fluorogram are shown. Bars, 10 uM. 



Molecular chaperones mediate the correct assembly and 
folding of polypeptides or set off reactions that lead to degra- 
dation of misfolded proteins (Imai et al., 2003; Kriegenburg 
et al., 2012; Rodrigo-Brenni and Hegde, 2012; Wang et al., 
2013). Among the conserved chaperones are the heat shock 
proteins that are activated in response to heat, nutrient depri- 
vation, oxidative stress, and other conditions that threaten 
cell survival (Hard et al., 201 1). Hsp90 is a major, ubiquitous 
cytoplasmic chaperone that plays a crucial role in folding, as- 
sembly, and stabilization of cytosolic and membrane proteins, 
in addition to facilitating protein complex assembly and intra- 
cellular cell signaling (Zhao and Houry, 2007; Gorska et al., 



2012; Jackson, 2013; Zuiderweg et al., 2013). Hsp90 is aided 
in its functions by a variety of co-chaperones, which associ- 
ate with Hsp90 to modulate its chaperoning activity and/or 
recruit it to specific substrates. Hsp90 has been proposed to 
be involved in the regulation of vesicular trafficking (Sakisaka 
et al., 2002; Chen and Balch, 2006; McClellan et al., 2007; 
Taipale et al., 2010). 

Our previous studies have shown that a large population 
of DPI is retained in intracellular compartments after synthesis 
(Parent et al., 2010; Labrecque et al., 2013). Furthermore, we 
reported that L-PGDS was localized to the ER and other intra- 
cellular compartments (Mathurin et al., 2011). Given the fact 
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Figure 2. Both L-PGDS and DPI localize to Hie TGN. HEK293 cells were transiently transfected with pcDNA3-Flag-DPl or pcDNA3-L-PGDS-HA for 48 h. 
The cells were then fixed and prepared for confocal microscopy as described under Materials and methods. L-PGDS was visualized using HA-specific 
monoclonal and Alexa Fluor 546-conjugated anti-mouse IgG antibodies (orange). DPI was visualized using Flag-specific polyclonal and Alexa Fluor 
633-conjugated anti-mouse IgG antibodies (red). Endogenous TGN was detected using a TGN46-specific polyclonal antibody and Alexa Fluor 488- 
conjugated anti-rabbit IgG (green). An overlay of staining patterns of the green-labeled TGN46 and orange-labeled L-PGDS or red-labeled DPI (merge) 
and the corresponding fluorogram are shown. Bars, 10 uM. 



that both proteins have similar intracellular distribution, our 
interest was to investigate whether L-PGDS could interact with 
DPI and have an effect on its trafficking and function. We report 
that DPI and L-PGDS exert mutual regulation on PGD 2 produc- 
tion by L-PGDS and on DPI export and signaling. 

Results 

Intracellular colocalization between 
L-PGDS and DP1 

The first experiment conducted was to confirm the localization 
of DPI at the ER. Confocal microscopy revealed colocaliza- 
tion between Flag-DP l and protein disulfide isomerase (PDI) 
at the ER in HEK293 cells (Fig. I A). We had showed before 
that L-PGDS was localized at the nucleus, the cytoplasm, 
the ER, and other intracellular compartments (Mathurin et al., 
201 1). The possible colocalization between L-PGDS-HA and 
Flag-DP l was thus examined in HEK293 cells to reveal that 
both proteins displayed a predominant association with vesic- 
ular structures in the cytoplasm with an increased concentra- 
tion within the perinuclear region (Fig. I B, top). Colocalization 
between L-PGDS and DPI was not observed at the plasma 
membrane. Furthermore, coexpression of L-PGDS appeared 
to increase the cell surface expression of DPI, which can be 
seen as a more defined cell outline compared with DPI stain- 
ing in the single-transfected cells (Fig. I B, bottom). This re- 
sult suggests that the presence of L-PGDS promotes the cell 
surface expression of DPI . 

We then wanted to assess whether L-PGDS and DPI could 
also be found in the TGN, further in the maturation route of the 
receptor. Localization of DPI and L-PGDS was then compared 
to that of a TGN marker, TGN46. Fig. 2 shows that both L-PGDS 
and DPI colocalized with TGN46 in the perinuclear region in 
HEK293 cells. 



L-PGDS interacts with DPI 

Because L-PGDS and DPI colocalized intracellularly, we wanted 
to assess whether there was an interaction between the two pro- 
teins and whether this interaction could be direct. We performed 
in vitro binding assays using purified DPI intracellular domains 
in fusion with GST along with purified L-PGDS fused to a 
hexahistidine tag (His-L-PGDS). As shown in Fig. 3 A, L-PGDS 
interacted with GST-DPl-carboxyl terminus and GST-DP1-ICL2 
but not with GST alone, GST-DP 1-ICL1, and GST-DP 1-ICL3. 

To study the interaction in a cellular context, we per- 
formed immunoprecipitation assays on lysates of HEK293 cells 
transiently transfected with Flag-DP 1 and L-PGDS-HA with a 
Flag-specific monoclonal antibody. Coimmunoprecipitation of 
L-PGDS with DPI was detected by Western blot analysis with 
a HA antibody (Fig. 3 B). Stimulation of the receptor with PGD 2 
did not modulate the quantity of L-PGDS that coimmunopre- 
cipitated with DPI . Coexpression of the two proteins and recep- 
tor stimulation did not alter the total expression of DPI or 
L-PGDS. The DP1-L-PGDS interaction could be detected at 
the endogenous level from lysates of HT-29 human colon ade- 
nocarcinoma cells, which express detectable levels of both en- 
dogenous proteins (Fig. 3 C). Altogether, our results show that 
the interaction between L-PGDS and DPI occurs in the perinu- 
clear region, can be direct, takes place at the endogenous level, 
and is not modulated by DPI stimulation. 

Specific regulation of DPI export 
by L-PGDS 

Following the results obtained by confocal microscopy, our next 
interest was to verify whether L-PGDS could promote the cell 
surface expression of DPI, although the total expression of the 
receptor remained unchanged. Cell surface expression assays 
were performed by ELISA in HEK293 cells, as we described pre- 
viously (Parent et al, 2009, 2010; Cartier et al., 2011; Lachance 



GPCR and ligand synthase interact functionally • Binda et al. 379 



A 



<^ <^ <^ <^ 



& CP cp cp 



25 kD - 
37 kD - 

25 kD - 
25 kD - 



pcDNA3 

L-PGDS-HA 

Flag-DP 

25 kD - 



Binding reaction 
IB : L-PGDS 

Binding reaction 
IB : GST 

5% supernatant 
IB : L-PGDS 



+ 
+ 



+ 
+ 



+ + 
+ + 



37 kD - 

25 kD - 

37 kD - 
25 kD - 
Stimulation (min) 




IP : Flag 
IB : HA 



IP : Flag 
IB : Flag 



5% cell extract 
IB : HA 

5% cell extract 
IB : GAPDH 



5 30 



100 kD 
75 kD 



37 kD 



25 kD - 



25 kD - 




IB : DPI 



IB : L-PGDS 



5% cell extract 
IB : GAPDH 



Figure 3. L-PGDS interacts with DPI. (A) Binding assays were performed 
using purified glutathione-Sepharose-bound GST-DP 1-carboxyl terminal 
(CT) and intracellular loops (ICL) incubated with purified His6-L-PGDS. 
The binding of L-PGDS to the receptor domains was detected by immuno- 
blotting (IB] using an L-PGDS-specific polyclonal antibody, and the GST 
fusion proteins present in the binding reaction were detected using an 
anti-GST antibody. Blots shown were spliced but came from the same gels. 
(B) HEK293 cells transiently transfected with Flag-DPl and L-PGDS-HA 
were stimulated or not stimulated with 1 uM PGD2 for 5 or 30 min. Immuno- 
precipitation (IP) of the receptor was performed using a Flag-specific mono- 
clonal antibody, and immunoblotting was performed with Flag-specific 
polyclonal or peroxidase-conjugated anti-HA antibodies. Black lines indi- 
cate that intervening lanes have been spliced out. (C) Immunoprecipitation 
was performed in HT-29 cells using L-PGDS-specific monoclonal or rat 
isotypic control IgG antibodies, and immunoblotting was performed using 
L-PGDS-specific polyclonal or DPI -specific polyclonal antibodies. Blots 
shown are representative of three independent experiments. 



et al., 201 1; Mathurin et aL, 201 1). Coexpression of L-PGDS sig- 
nificantly increased the cell surface expression of DPI, in con- 
trast to coexpression of H-PGDS (Fig. 4 A). Parallel experiments 
were conducted to verify whether L-PGDS could also act simi- 
larly on CRTH2 (the other PGD 2 receptor) and other GPCRs, 
such as the p 2 -adrenergic receptor, thromboxane A 2 receptor 
(TP-a), angiotensin II type I receptor, and the wild-type arginine 
vasopressin receptor 2 and its intracellularly trapped W164S and 
Y205C mutants (Oksche et al, 1996). Coexpression of L-PGDS 
had no effect on cell surface expression of the other GPCRs 
(Fig. 4 A). Collectively, these results demonstrate that, among the 
GPCRs that were tested, the effect of L-PGDS on potentiating re- 
ceptor cell export is specific to DPI, which was reflected in its 
specificity for interacting with DPI (Fig. SI). 

Because HEK293 cells do not express detectable levels of en- 
dogenous L-PGDS, the role of the endogenous synthase was 
studied in HeLa cells stably expressing HA-DP1 transfected with 
control or L-PGDS siRNAs. HeLa cells were chosen because 
they express both L-PGDS and DPI at endogenous levels, al- 
though at lower levels than HT-29 cells, but can easily be trans- 
fected. Efficiency of L-PGDS depletion by the siRNAs was 
evaluated by Western blot analysis (Fig. 4 B). Corroborating our 
overexpression experiments, cell surface expression of DPI was 
significantly reduced when L-PGDS was depleted (Fig. 4 C). 

Given the modulation of DPI cell surface expression, we 
wanted to study the effect of L-PGDS on the internalization of 
DPI. Internalization experiments revealed no difference between 
the agonist-induced internalization of the receptor alone or in the 
presence of L-PGDS (Fig. 4 D). Thus, L-PGDS increased the cell 
surface expression of DPI while having no effect on its internal- 
ization. We also studied the PGD 2 production through L-PGDS in 
the presence of the two PGD 2 receptors. Surprisingly, the assays re- 
vealed an increase in PGD 2 production when L-PGDS was cotrans- 
fected with DPI in HEK293 cells but not with CRTH2 (Fig. 4 E). 
To our knowledge, this is the first demonstration of a GPCR mod- 
ulating the activity of the enzyme that produces its agonist. 

It could be viewed as counterintuitive that the DP1- 
L-PGDS interaction, which promotes PGD 2 synthesis results in 
an increase in DPI cell surface expression rather than in agonist- 
induced internalization of the receptor. We conjectured that per- 
haps the two mechanisms were happening simultaneously but 
that the effect on DPI export out balanced that of its agonist- 
induced internalization. To test our hypothesis, we measured the 
promotion of cell surface expression of stably expressed Flag- 
DPl in HeLa cells by L-PGDS in presence of the specific DPI 
antagonist BW868C or of coexpressed dynamin-K44A, a 
dominant-negative mutant of dynamin that blocks PGD 2 - 
induced internalization of DPI (Gallant et al., 2007). Our data 
show that the L-PGDS-mediated increase in DPI export to the 
plasma membrane is augmented when agonist-induced internaliza- 
tion of DPI is blocked by the receptor antagonist or by dynamin- 
K44A (Fig. 4 F). This supports our idea that, although both 
mechanisms happen simultaneously, the potential of the DP1- 
L-PGDS interaction to favor DPI transport to the cell surface 
offsets the agonist-induced internalization of DPI that occurs as 
a consequence of the increased PGD 2 production, resulting in a 
net gain of DPI cell surface expression. 
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Figure 4. L-PGDS regulates the cell surface expression of DPI but not of other tested GPCRs. (A) Cell surface expression of the receptors was measured by 
EUSA in cells transiently transfected for 48 h with Flag-tagged receptors in combination with pcDNA3, pcDNA3-t-PGDS-HA, or pcDNA3-H-PGDS-HA. 
Results are shown as the percentage of cell surface expression of the receptors when cells were transfected with t-PGDS or H-PGDS compared with cell 
surface expression of the receptors when they were transfected with pcDNA3. (B) HeLa cells were transfected with negative control or t-PGDS siRNAs for 
72 h. Immunoprecipitation (IP) of L-PGDS was performed using an L-PGDS-specific monoclonal antibody, and immunoblotting (IB) was performed with 
an t-PGDS-specific polyclonal antibody. (C) Cell surface expression of stably transfected HA-DPl was measured by EtISA in HeLa transfected with nega- 
tive control or L-PGDS siRNAs for 72 h. (D) Agonist-induced internalization of DPI was studied in HEK293 cells after 15 and 30 min of stimulation with 
1 uM PGD 2 . (E) HEK293 cells were transiently transfected with the indicated combinations of pcDNA3, Flag-DPl, L-PGDS-HA, or Flag-CRTH2 for 48 h. 
Cells were then incubated with 5 (jM PGH2 for 15 min. Supernatants were assessed for PGD2 production by commercial enzyme-linked immunoassays 
as described under Materials and methods. (F) Cell surface expression of stably expressed Flag-DPl in HeLa cells transiently transfected with L-PGDS-HA 
alone, in combination with dynamin-K44A, or treated with BWA868C was measured by EUSA. All values are the means ± SE from at least three separate 
experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 . 
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Figure 5. The enzyme activity of L-PGDS is not required for regulation 
of DPI export. Cell surface expression of DPI was measured by ELISA in 
HEK293 cells transiently transfected for 48 h with Flag-DPI in combina- 
tion with pcDNA3, pcDNA3-L-PGDS-HA, or pcDNA3-L-PGDS-C65A-HA. 
Results are shown as the percentage of cell surface expression of DPI 
when cells were transfected with L-PGDS or L-PGDS-C65A compared 
with cell surface expression of DPI when transfected with pcDNA3. All 
values are the means + SE from at least three separate experiments. 
***, P< 0.001. 

The PGD S synthase activity of L-PGDS is 
not required to regulate the export of DPI 

To investigate whether the PGD 2 synthase activity of L-PGDS 
was required for the increase in the export of DPI, we used an 
L-PGDS-C65A mutant, which is inactive in PGD 2 synthesis 
(Urade and Hayaishi, 2000; Kumasaka et al., 2009; Zhou et al., 
2010). Overexpression of pcDNA3-L-PGDS-HA or pcDNA3- 
L-PGDS-C65A-HA both resulted in virtually identical increases 
in cell surface expression of DPI (Fig. 5), indicating that the 
PGD 2 synthase activity of L-PGDS is not essential in the promo- 
tion of DPI export. 

L-PGDS interacts with Hsp90 

In an attempt to elucidate the molecular mechanisms underly- 
ing the L-PGDS-induced export of DPI, we turned our attention 
to potential L-PGDS-interacting partners that could participate 
in this pathway. Molecular chaperones and co-chaperones 
involved in GPCR export and stability have garnered increasing 
interest in our laboratory (Parent et al., 2010; Labrecque et al., 
2013; Roy et al, 2013). We noticed in the L-PGDS amino acid 
sequence the presence of a 43 W(X) 2 AG(X) 2 S(X) 9 A(X)3M(X)2S 
(X) 3 P 71 motif reminiscent of the conserved consensus sequence 
(bold residues) W(X) 2 LG(X) 2 Y(X) 8 A(X) 3 F(X) 2 S(X) 4 P found 
in tetratricopeptide repeats (TPRs) used by some co-chaperones 
to bind to the C-terminal MEEVD residues of Hsp90 (Sikorski 
et al., 1990; Scheufler et al., 2000; Brinker et al., 2002; Wu 
et al., 2004; Cliff et al., 2006; Gazda et al, 2013). Although 
L-PGDS does not contain TPRs, we nevertheless studied 
whether L-PGDS could interact with Hsp90 in HEK293 cells 
transiently transfected with L-PGDS-Myc together with Hsp90- 
HA or its C-terminal AMEEVD mutant. As shown in Fig. 6 A, 
the interaction between L-PGDS and the Hsp90 AMEEVD mu- 
tant was greatly diminished compared with the interaction be- 
tween L-PGDS and full-length Hsp90, suggesting that L-PGDS 
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interacted with the C-terminal MEEVD residues of the molecu- 
lar chaperone. Coimmunoprecipitation between endogenous 
L-PGDS and Hsp90 was confirmed in HeLa cells (Fig. 6 B). 
Similar experiments found no interaction between L-PGDS and 
Hsc70, suggesting that L-PGDS was not interacting with Hsp90 
as a misfolded or partially folded client protein. In vitro binding 
assays using purified Hsp90 in fusion with a histidine tag (His- 
Hsp90) along with purified untagged L-PGDS showed that 
L-PGDS interacted directly with Hsp90. 

Even though L-PGDS is structurally unrelated to TPR do- 
mains, its interaction with the MEEVD motif suggested a compa- 
rable contact site, involving charged and hydrophobic interactions. 
Structures of L-PGDS show a funnel-shaped (3 barrel with binding 
sites for ligands in the interior (Hohwy et al., 2008; Kumasaka 
et al., 2009; Miyamoto et al., 2010). On the outside of the funnel 
near the bottom, a surface was identified that had basic resi- 
dues (Arg42, Lys66, Argl5 1, Lysl56, and Lysl60) surrounding a 
sunken hydrophobic site (Trp43, Tyr44, Ala46, and Gly47) under 
a C-terminal loop (Fig. 6 D). It was possible that the basic resi- 
dues interact with the Glu and Asp residues of the MEEVD and 
the hydrophobic residues interact with the Val or Met. Of these 
residues in human L-PGDS, Trp43 and the basic residues are well 
conserved in L-PGDS from other species. However, only Trp43 
was absolutely conserved in other lipocalin family proteins, and 
the basic residues showed only moderate to poor conservation. 
The interaction with the Hsp90 MEEVD may therefore be unique 
to L-PGDS. An L-PGDS- W43A/G47 A construct was thus gen- 
erated by site-directed mutagenesis. The interaction between the 
HA-tagged L-PGDS-W43A/G47A mutant and the endogenous 
Hsp90 was investigated in HEK293 cells and compared with 
wild-type L-PGDS-HA. As shown in Fig. 6 E, the interaction 
between endogenous Hsp90 and the L-PGDS-W43A/G47A 
mutant was significantly decreased compared with wild-type 
L-PGDS. Altogether, these results indicate that L-PGDS, via a 
surface with basic and hydrophobic character, interacts directly 
with the C-terminal MEEVD of Hsp90. This may constitute a 
new mode of interaction with Hsp90. 

L-PGDS promotes the interaction between 
HspSO and DPI 

First, we assessed whether Hsp90 modulated the interaction 
between L-PGDS and the receptor and whether the Hsp90 
C-terminal MEEVD residues participate in the association of the 
chaperone with DPI. Ly sates of cells transfected with the indi- 
cated combinations of Flag-DPI, L-PGDS-HA, Hsp90-HA, or 
its AMEEVD mutant were incubated with a Flag-specific mono- 
clonal antibody to immunoprecipitate the receptor. Western blot 
analysis with an HA antibody revealed that the interaction be- 
tween L-PGDS and DPI is not modulated by the overexpression 
of Hsp90 (Fig. 7 A). In contrast, the coimmunoprecipitation be- 
tween DPI and the Hsp90 AMEEVD mutant is diminished com- 
pared with that between the receptor and full-length Hsp90, 
suggesting that the C-terminal MEEVD motif of the molecular 
chaperone is important for forming a complex with the receptor. 

Second, we performed immunoprecipitation assays in 
HEK293 cells transiently transfected with Flag-DPI together 
with L-PGDS-HA or L-PGDS-W43A/G47A-HA. As shown in 
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Figure 6. L-PGDS interacts with Hsp90. (A) HEK293 cells were transiently transfected with pcDNA3, L-PGDS-Myc, Hsp90-HA, or Hsp90AMEEVD-HA 
mutant constructs. Immunoprecipitation (IP) of L-PGDS was performed using a Myc-specific monoclonal antibody, and immunoblotting (IB) was performed 
using peroxidase-conjugated anti-Myc or anti-HA antibodies. (B) Immunoprecipitation was performed in HeLa cells using Hsp90-specific monoclonal or 
mouse isotypic control IgG antibodies, and immunoblotting was performed using Hsp90-specific polyclonal or L-PGDS-specific polyclonal antibodies. 
(C) His pull-down assays were performed using purified His-Hsp90 bound to Ni 2+ -agarose beads incubated with purified GST-L-PGDS. The binding of 
L-PGDS to Hsp90 was detected by immunoblotting using an L-PGDS-specific polyclonal antibody, and the His-Hsp90 present in the binding reaction 
were detected using an Hsp90-specific polyclonal antibody. (D) Illustration of the funnel-shaped (3 barrel structure of L-PGDS (available in the Protein Data 
Bank under accession no. 2E4J). On the outside of the funnel near the bottom, a surface was identified that had basic residues (Arg42, Lys66, Arg 151, 
Lysl 56, and Lysl 60) surrounding a sunken hydrophobic site (Trp43, Tyr44, Ala46, and Gly47) under a C-terminal loop. (E) HEK293 cells were transiently 
transfected with pcDNA3, L-PGDS-HA, or its W43 A/G47A-H A mutant construct. Immunoprecipitation of L-PGDS was performed using a HA-specific 
monoclonal antibody, and immunoblotting was performed using a peroxidase-conjugated anti-HA antibody. Endogenous Hsp90 was detected using an 
Hsp90-specific polyclonal antibody. Blots shown are representative of three independent experiments. NTA, nitrilotriacetic acid. 



Fig. 7 B, coimmunoprecipitation of endogenous Hsp90 with DPI 
was detected when L-PGDS was transfected (Fig. 7 B, third lane) 
but not in the absence of L-PGDS (Fig. 7 B, first lane). In addi- 
tion, the interaction between Hsp90 and the receptor was much 
weaker when the L-PGDS-W43A/G47A mutant was expressed 



(Fig. 7 B, second lane) compared with wild-type L-PGDS (Fig. 7 B, 
third lane). These data suggest that Hsp90 associates with the re- 
ceptor through an interaction with L-PGDS because (a) HEK293 
cells do not express detectable levels of endogenous L-PGDS and 
there is no Hsp90 interaction with the receptor in absence of 
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Figure 7. L-PGDS promotes the interaction between DPI and Hsp90. (A) HEK293 cells were transiently transfected with the indicated combinations of 
pcDNA3, Flag-DPl, L-PGDS-HA, Hsp90-HA, or Hsp90AMEEVD-HA mutant constructs. Immunoprecipitation (IP) of the receptor was performed using a 
Flag-specific monoclonal antibody, and immunoblotting (IB] was performed with Flag-specific polyclonal or peroxidase-conjugated anti-HA antibodies. 
(B) HEK293 cells were transiently transfected with Flag-DPl together with pcDNA3, L-PGDS-HA, or L-PGDS-W43A/G47A-HA. Immunoprecipitation of the 
receptor was performed using a Flag-specific monoclonal antibody, and immunoblotting was performed using peroxidase-conjugated anti-HA or polyclonal 
anti-Flag antibodies. Endogenous Hsp90 was detected using an Hsp90-specific polyclonal antibody. Blots shown are representative of three separate 
experiments. Blots shown were spliced but came from the same gels. (C) Cell surface expression of DPI was measured by ELISA in HEK293 cells transiently 
transfected for 48 h with Flag-DPl together with pcDNA3, pcDNA3-L-PGDS-HA, or pcDNA3-L-PGD-W43A/G47A-HA. Results are shown as the percent- 
age of cell surface expression of DPI when cells were transfected with L-PGDS or L-PGDS-W43A/G47A compared with cell surface expression of DPI 
when transfected with pcDNA3. (D) HEK293 cells were transiently transfected for 48 h with Flag-DPl together with pcDNA3 or pcDNA3-L-PGDS-HA, 
treated with 10 pM geldanamycin over a time course of 2 h, and cell surface expression of DPI was measured by ELISA. All values are the means ± SE 
from at least three separate experiments. *, P < 0.05; **, P < 0.01 . 



transfected L-PGDS and (b) a decreased interaction between 
the molecular chaperone and L-PGDS results in a diminished 
Hsp90-DPl receptor interaction as demonstrated by data ob- 
tained with the L-PGDS- W43A/G47 A mutant. 

The functional consequence of decreased L-PGDS-Hsp90 
interaction on DPI export was then assessed. Wild-type L-PGDS 
promoted DPI cell surface expression by ^80% in these ex- 
periments compared with when the receptor is expressed 
alone (Fig. 7 C). In contrast, the L-PGDS- W43A/G47A mutant 



increased DPI export by only ^30%. Altogether, these results 
indicate that L-PGDS, through a site comprising Trp43 and 
Gly47, interacts with the MEEVD residues of Hsp90 to pro- 
mote a DPl-L-PGDS-Hsp90 complex that favors the export of 
the receptor to the cell surface. 

To further confirm the importance of Hsp90 in this effect, 
we measured DPI levels at the cell surface in HEK293 cells 
transfected with Flag-DPl together with pcDNA3 or pcDNA3- 
L-PGDS-HA after a time course pretreatment of the cells with 
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geldanamycin, an Hsp90 inhibitor. Fig. 7 D shows that the lon- 
ger the treatment with geldanamycin, the more the L-PGDS- 
mediated increase in cell surface expression of DPI was prevented, 
indicating that Hsp90 is indeed involved in the promotion of 
DPI export by L-PGDS. 

The L-PGDS-W43A/G47A mutant protein appeared as 
stable as the wild-type protein in Western blot analysis (Figs. 6 E 
and 7 B). Additional experiments were performed to verify whether 
it was not mistargeted intracellularly or misfolded. Confocal 
microscopy showed that both the mutant and wild-type L-PGDS 
proteins displayed indistinguishable intracellular distribution in 
HEK293 cells with a predominant association with vesicular 
structures in the cytoplasm and an increased concentration 
within the perinuclear region (Fig. 8 A). Production of PGD 2 
in vitro and in HEK293 cells by the L-PGDS-W43A/G47A 
mutant was not significantly different from that of wild-type 
L-PGDS (Fig. 8, B and C). These data show that the W43A/G47A 
mutations did not affect the intracellular localization and enzy- 
matic activity of L-PGDS. 

LPGDS increases DP 1 -mediated 
ERK1/2 signaling 

The functional consequence of the DP1-L-PGDS interaction 
was next assessed on DPI signaling. We recently showed that 
DPI stimulation results in ERK1/2 activation (Labrecque et al., 
2013). Time course analyses of ERK1/2 activation after stimu- 
lation of endogenous DPI or p 2 -adrenergic receptors were per- 
formed in HeLa cells that were transfected with control or 
L-PGDS siRNAs (Fig. 9 A). Depletion of L-PGDS caused a 
significant reduction in DPI -mediated ERK1/2 activation rang- 
ing from 35 to 70% for time points between 0 and 15 min of 
agonist stimulation (Fig. 9 A, left) but had no effect on the 
P 2 -adrenergic receptor ERK1/2 signaling (Fig. 9 A, right). We 
also verified the effect of coexpressing wild-type L-PGDS or 
L-PGDS-C65A on DPl-mediated ERK1/2 activation. HEK293 
cells transfected with the indicated combinations of pcDNA3, 
L-PGDS, L-PGDS-C65A, and DPI constructs were stimulated 
or not stimulated with PGD 2 (Fig. 9 B, left). Transfection of 
L-PGDS or L-PGDS-C65A promoted PGD 2 -induced ERK1/2 
activation by ^75% and ^70%, respectively, in the absence of 
DPI transfection (Fig. 9 B, compare eighth and ninth lanes with 
seventh lane). Both forms of L-PGDS induced a twofold in- 
crease in ERK1/2 activation by the transfected DPI (Fig. 9 B, 
eleventh and twelfth lanes compared with tenth lane). In contrast, 
isoproterenol-induced ERK1/2 activation by the p 2 -adrenergic 
receptor was not modulated by coexpression of L-PGDS (Fig. 9 B, 
right). These data with overexpressed L-PGDS support our re- 
sults obtained with the L-PGDS siRNAs on endogenous DPI 
and p 2 -adrenergic receptor signaling. The ability of L-PGDS-C65A 
to promote DPl-mediated ERK1/2 signaling to the same extent as 
the wild-type counterpart indicates that the PGD 2 synthase activity 
of L-PGDS is not involved in regulating the DPl-induced ERK1/2 
signaling when exogenous PGD 2 is added. 

Interestingly, confocal microscopy in HeLa cells showed 
that phospho-ERKl/2 was colocalized with L-PGDS in the 
perinuclear region when the synthase was transfected (Fig. 10 A). 



Treatment of cells with an inhibitor of L-PGDS (AT-56) or with 
a DPI antagonist (BWA868C) both prevented L-PGDS-induced 
ERK1/2 activation (Fig. 10, A and B). This indicates that expres- 
sion of L-PGDS in HeLa cells results in PGD 2 formation that 
stimulates endogenous DPI leading to ERK1/2 activation in the 
perinuclear region. 

The strong colocalization observed between ERK1/2 and 
L-PGDS prompted us to verify whether L-PGDS and ERK1/2 
could be found in a complex. Noteworthily, Fig. 10 C shows 
that endogenous L-PGDS coimmunoprecipitated endogenous 
activated ERK1/2, in addition to endogenous DPI (Fig. 3 C). 
Moreover, L-PGDS strongly promoted the coimmunoprecipita- 
tion between DPI and endogenous ERK1/2 in HEK293 cells in 
basal conditions (Fig. 10 D, forth lane vs. third lane) and after 
agonist stimulation (Fig. 10 D, seventh lane vs. sixth lane). 
Altogether, our data suggest that DPI, ERK1/2, and L-PGDS 
are part of a DPI signaling complex in the perinuclear region. 



Discussion 

The mechanisms involved in the folding, maturation, and export 
of newly synthesized GPCRs to the cell surface still remain poorly 
understood. Misfolded proteins are retained in the ER where they 
can be targeted for degradation or assisted by molecular chaper- 
ones in proper folding. Our previous study conducted on DPI re- 
vealed such retention of misfolded or unassembled forms of the 
receptor (Parent et al., 2010). In the present study, we have dem- 
onstrated that L-PGDS interacts with DPI to regulate the export 
of the receptor through Hsp90 and to favor a DP1-ERK1/2 sig- 
naling complex, thus uncovering new roles for L-PGDS. 

Our confocal microscopy data indicated that DPI and 
L-PGDS are present in perinuclear compartments, such as the 
ER and TGN, corroborating our previous studies (Parent et al., 
2010; Mathurin et al., 2011; Labrecque et al., 2013). Given the 
fact that the two proteins are located in the same subcellular 
compartments and that L-PGDS produces PGD 2 that binds to 
DPI, we investigated a possible interaction between the two 
proteins. Our experiments showed a direct interaction between 
L-PGDS and DPI, which was confirmed by coimmunoprecipi- 
tations between overexpressed proteins in HEK293 cells and 
endogenous proteins in HT-29 cells. Interestingly, total expres- 
sion of the receptor protein and the maturation (glycosylation) 
pattern of DPI were not affected by L-PGDS, suggesting that 
the latter does not regulate the biogenesis/stability and export of 
DPI at the ER. This is in contrast to what we reported for the 
role of ANKRD13C in DPI expression (Parent et al., 2010). 
Our data suggest that L-PGDS acts on DPI after Golgi modifi- 
cations. Other GPCRs, such as the u-8 opioid receptor hetero- 
dimer, which are class A GPCRs, like DPI, have been shown to 
be trapped in the Golgi (Petaja-Repo et al., 2002; Leskela et al., 
2007; Decaillot et al., 2008). RTP4 (receptor transport protein 4) 
was reported to participate in the proper folding of the (jl-S 
heterodimer, allowing it to be routed out of the Golgi apparatus 
to the cell surface (Decaillot et al., 2008). 

L-PGDS promotes the export of DPI specifically, having 
no effect on CRTH2. This could be relevant to the fact that even 
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Figure 8. Intracellular distribution and PGD2 synthase activity of the L-PGDS-W43A/G47A mutant. (A) HEK293 cells were transiently transfected with 
pcDNA3-L-PGDS-HA or pcDNA3-L-PGDS-W43A/G47A-HA for 48 h. The cells were then fixed and prepared for confocal microscopy as described 
under Materials and methods. The L-PGDS constructs were visualized using HA-specific monoclonal and Alexa Fluor 546-conjugated anti-mouse IgG 
antibodies (orange). An overlay of staining patterns of the orange-labeled L-PGDS or its mutant and the nuclei are shown (merge). Bars, 1 0 pM. (B) PGD 2 
production by purified GST, GST-L-PGDS, and GST-L-PGDS-W43A/G47A was measured in vitro in the presence of 0.5 uM PGH2 for 1 min. The reactions 
were stopped with 0.4 mg/ml SnCI 2 , and PGD 2 was measured with commercial enzyme-linked immunoassays as described under Materials and methods. 
(C) HEK293 cells were transiently transfected with pcDNA3, L-PGDS, or L-PGDS-W43 A/ G47A for 48 h. Cells were then incubated with 5 uM PGH 2 for 
15 min. Supernatants were assessed for PGD 2 production by commercial enzyme-linked immunoassays as described under Materials and methods. All 
values are the means ± SE from at least three separate experiments, wt, wild type. ***, P < 0.001 ; **** , P < 0.0001 . 



though the two receptors bind the same PG, they differ completely 
in their amino acid sequence and their cellular role (Narumiya 
et al, 1999; Oguma et al, 2008; Schuligoi et al., 2010; Chiba 
et al., 201 1). CRTH2 is a receptor that is efficiently targeted at the 
cell membrane (Parent et al., 2010) and may not need further 
assistance in its export. One could speculate that DPI could sig- 
nal from the cell surface and from intracellular compartments as 
shown for other GPCRs for lipid mediators (Zhu et al, 2006), 
whereas CRTH2 could be primarily involved in signaling from 
the cell membrane. Specificity of the L-PGDS function is further 
supported by the lack of effect of H-PGDS on targeting DPI to 
the cell surface. This can be expected, considering that L-PGDS 
and H-PGDS are structurally different (Zhou et al., 2010) and are 



mainly expressed in different cell types. Specificity of L-PGDS is 
also demonstrated by its inability to modulate the export of the 
other GPCRs tested in the present study. 

The L-PGDS-mediated increase in DPI export is inde- 
pendent of the PGD 2 synthase activity of the enzyme. This is in- 
dicated by the ability of the L-PGDS-C65A mutant to increase 
the cell surface expression of DPI as efficiently as wild-type 
L-PGDS. This prompted us to look for mechanisms that could 
explain this new L-PGDS function. Although L-PGDS is struc- 
turally unrelated to TPR domains, the presence of a motif in its 
sequence that was reminiscent of the consensus TPR sequence 
found in H sp90 co-chaperones suggested that Hsp90 might be 
an interacting partner of L-PGDS. Interestingly, our data revealed 
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Figure 9. L-PGDS promotes ERK1 /2 activation. (A) HeLa cells were transfected with the indicated siRNA for 48 h, serum starved overnight, and stimulated 
or not stimulated with 1 pM PGD 2 (left] or 1 0 uM isoproterenol (right) for the indicated times. siCTL, control siRNA. (B) HEK293 cells were transfected with 
pcDNA3, L-PGDS, L-PGDS-C65A, DPI (left), or (32AR (right) for 24 h, serum starved overnight, and stimulated or not stimulated with 1 uM PGD 2 (left) or 
1 0 uM isoproterenol (right) for 5 min. All assays were performed as described in Materials and methods. Protein levels were assessed by Western blotting 
using p-ERKl/2 and ERK1/2 antibodies. Bar graphs show densitometry analyses performed on four different experiments. Phospho-ERKl /2 pixels were 
normalized to total ERK1 /2 pixels, and results are presented as the fold of these values (means ± SE) over that of the first lane, which was arbitrarily set 
as 1. *, P<0.01; **, P< 0.005. 



that L-PGDS, through a domain including Trp43 and Gly47, 
binds to the C-terminal MEEVD motif of Hsp90. The L-PGDS 
interaction with the MEEVD domain of Hsp90 may constitute a 
new mechanism of Hsp90 binding. Co-chaperones that bind the 



MEEVD motif of Hsp90 are recognized to have little effect on 
its intrinsic ATPase activity, as opposed to the N-terminal bind- 
ing co-chaperones that can inhibit or activate its ATPase activity 
(Jackson, 2013). It is thus unlikely that L-PGDS promotes the 
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Figure 10. L-PDS is part of a DP1-ERK1/2 signaling complex in the perinuclear region. (A) HeLa cells were transiently transfected with pcDNA3 or 
pcDNA3-L-PGDS-HA for 24 h, serum starved overnight, and treated with 1 00 uM AT-56 or 1 uM BWA868C for 60 min. The cells were then prepared for 
confocal microscopy as described under Materials and methods. L-PGDS was visualized using HA-specific monoclonal and Alexa Fluor 488-conjugated 
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ATPase activity of Hsp90. It is more probable that L-PGDS has a 
co-chaperone-like role to promote Hsp90 association with specific 
complexes. L-PGDS may act as a DPl-specific co-chaperone. 

We thus explored the possible assembly of an Hsp90- 
L-PGDS-DP1 complex. The Hsp90-DPl interaction was ob- 
served only when L-PGDS was cotransfected in HEK293 cells, 
which do not express detectable endogenous L-PGDS levels. In 
the presence of L-PGDS, the interaction between Hsp90AMEEVD 
and DPI was diminished compared with wild-type Hsp90. 
Moreover, the interaction between Hsp90 and DPI was greater 
with coexpression of wild-type L-PGDS than with the L-PGDS- 
W43A/G47A mutant. Altogether, these data indicate that the 
L-PGDS-Hsp90 interaction is required for the association be- 
tween Hsp90 and DPI and export of the receptor. Involvement 
of Hsp90 in L-PGDS-mediated promotion of DPI export is fur- 
ther supported by the ability of geldanamycin, an Hsp90 inhibi- 
tor, to inhibit the L-PGDS effect. 

It has been shown that Hsp90 is implicated in facilitat- 
ing G protein-coupled pathways (Garcia-Cardena et al., 1998); 
however, only a few GPCRs have been reported to interact with 
and be regulated by Hsp90 thus far. In each case, Hsp90 regu- 
lates the receptors in different ways. Hsp90 is involved in 
maintaining the PARI receptor's C tail in proper conforma- 
tion for signal transduction (Pai et al., 2001). It is also known 
to modulate trafficking of the a 2C -adrenergic receptor via a low- 
temperature inhibition of its activity (Filipeanu et al., 2011). 
Hsp90 was shown to regulate the stability of GPCR kinases 
(Luo and Benovic, 2003). It was also reported to interact in a 
complex with XPORT, an ER resident protein, which functions 
as a molecular chaperone with Hsp90 during biosynthesis and 
transport of rhodopsin (Rosenbaum et al., 2011). Furthermore, 
Hsp90 was demonstrated to function as a scaffold for the can- 
nabinoid CB2 receptor to keep the receptor in proximity with its 
signaling components that are required for receptor-mediated 
cell migration via the G„— Racl pathway (He et al., 2007). By 
analogy, it will be interesting to determine whether Hsp90 plays 
such a role in the formation of a DP1-L-PGDS-ERK1/2 signal- 
ing complex or in the interaction with other effectors and regu- 
lators of DPI in our system. In addition to recruiting Hsp90 to 
DPI complexes, L-PGDS may have chaperone activity for the 
receptor itself. This is consistent with its role in the central ner- 
vous system in which L-PGDS, also known as (3-trace, func- 
tions to keep Ap from misfolding and aggregating under normal 
conditions in the healthy brain, thus preventing early onset and 
progression of Alzheimer's disease (Kanekiyo et al., 2007). 

Surprisingly, DPI coexpression increased PGD 2 produc- 
tion by L-PGDS. The intracellular L-PGDS-DP1 interaction 



raises the intriguing possibility of an intracrine signaling mecha- 
nism (Zhu et al., 2006; Vaniotis et al., 2011; Tadevosyan et al., 
2012) in which the mutual L-PGDS and DPI regulation could 
trigger signaling pathways from intracellular DPI in response to 
its agonist synthesized by the interacting L-PGDS. We thus report 
a new mechanism in which a GPCR interacts with, and activates, 
the enzyme that produces its agonist at the intracellular level. 

Our data put forward interesting potential functional con- 
sequences for the DP1-L-PGDS cooperativity. DPI promotes 
L-PGDS activity, which results in PGD 2 production and DPI 
signaling. In turn, L-PGDS, through Hsp90, would bestow 
proper conformation or assembly of DPI for its export. Our re- 
sults also suggest that L-PGDS could favor assembly of DPI 
with effectors, as indicated by its ability to promote the forma- 
tion of L-PGDS-ERK1/2 complexes. Because (a) L-PGDS inter- 
acts and localizes in the perinuclear region with DPI but not at 
the plasma membrane, (b) ERK1/2 activation is maximal and 
transient after 5 min of DPI stimulation (Labrecque et al., 2013), 
much faster than the slow internalization of the receptor, which 
peaks after 60 min of receptor activation (Gallant et al., 2007), 
(c) DPI increases PGD 2 production by L-PGDS, and (d) that 
L-PGDS-induced ERK1/2 activation detected in the perinuclear 
region depends on DPI activation and on synthesis of PGD 2 , 
which has a short half-life, we postulate that L-PGDS might be 
found in a complex with DPI and ERK1/2 as part of a DP1- 
L-PGDS intracrine signaling complex in the perinuclear region. 
COX- 1 is located in the ER and perinuclear membranes, whereas 
COX-2 resides predominantly in the perinuclear envelope 
(Morita et al., 1995). Thus, an intracrine DP1-L-PGDS mecha- 
nism in the perinuclear region could ensure efficient response 
during inflammatory or cancerous conditions, for example, that 
induce cyclooxygenase activity to generate PGH 2 , the L-PGDS 
substrate, in the vicinity of the DP1-L-PGDS complex. 

The DP1-L-PGDS interaction could thus possibly pro- 
mote DPI signaling in two ways: by assembling an intracrine 
signaling complex as just described and by promoting DPI ex- 
port to assure proper DPI cell surface expression for plasma 
membrane signaling in response to autocrine or paracrine pro- 
duction of PGD 2 . Indication of autocrine or paracrine activation 
of DPI in our system was provided by the increase in detection 
of L-PGDS-mediated DPI export in presence of BWA868C 
and dynamin-K44A, which inhibit PGD 2 -induced internal- 
ization of cell surface receptors. Unfortunately, existing DPI 
antagonists are not characterized in terms of cell permeabil- 
ity or intracellular uptake to distinguish pharmacologically 
between the signaling from DPI at the plasma membrane ver- 
sus intracellular DPI. Our results should generate interest in 



anti-mouse IgG antibodies (green). Endogenous p-ERKl /2 was detected using a p-ERKl /2-specific polyclonal antibody and Alexa Fluor 546-conjugated 
anti-rabbit IgG (orange). An overlay of staining patterns of the orange-labeled p-ERKl /2 and green-labeled t-PGDS and the corresponding fluorograms 
are shown. Bars, 1 0 uM. (B) Mean pixel integration of p-ERKl /2 of >1 0 different cells was determined using the FluoView 2.0 software (Olympus). (C) The 
same L-PGDS immunoprecipitation (IP) reaction as in Fig. 3 C performed using L-PGDS-specific monoclonal or isotypic control IgG antibodies was used, 
and immunoblotting (IB) was performed using p-ERKl /2- or ERK1 /2-specific polyclonal or L-PGDS-specific polyclonal antibodies. (D) HEK293 cells were 
transiently transfected with pcDNA3, L-PGDS-HA, or Flag-DPl constructs. Immunoprecipitation of DPI was performed using a Flag-specific monoclonal 
antibody, and immunoblotting was performed using peroxidase-conjugated anti-HA- or p-ERKl /2-specific polyclonal antibodies. Black lines indicate that 
intervening lanes have been spliced out. Bar graph shows densitometry analyses performed on four different experiments. ERK1/2 pixels were normal- 
ized on the receptor pixels, and results are presented as the fold of these values over that of the third lane (means ± SE), which was arbitrarily set as 1 . 
**, P < 0.005; ***, P < 0.0005. 
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developing/characterizing such molecules and to study particu- 
lar cell responses generated by the two different DPI popula- 
tions. DPI and L-PGDS did not modulate their mutual levels of 
protein expression in the present report. However, data were ob- 
tained in context of transfected proteins under the control of the 
cytomegalovirus promoter. Future studies will address whether 
the DP1-L-PGDS signaling that results in ERK1/2 activation 
leads to the regulation of expression of particular genes, includ- 
ing that of DPI and L-PGDS themselves. 

In summary, we have demonstrated the cooperativity be- 
tween a GPCR and the synthase of its agonist: the receptor pro- 
motes the activity of the enzyme, which in turn increases the export 
of the receptor through an Hsp90-dependent mechanism and fa- 
vors assembly of DP1-ERK1/2 complexes. We have provided evi- 
dence suggesting that the intracellular DP1-L-PGDS interaction 
might be involved in a novel intracrine signaling mechanism. 

Materials and methods 

Reagents 

The Flag-specific monoclonal (Ml and M2) as well as polyclonal anti-Flag 
antibodies, rabbit anti-actin antibody (A2066), alkaline phosphatase- 
conjugated goat anti-mouse antibodies, and the alkaline phosphatase 
substrate kit were purchased from Sigma-Aldrich. The monoclonal anti-HA 
(16B12) was obtained from Covance. The monoclonal anti-HA-peroxidase 
high affinity antibody (3F10] was obtained from Roche. The anti- 
Myc-peroxidase high affinity polyclonal antibody was purchased from 
Abeam. The anti-GST polyclonal antibody was purchased from Bethyl Lab- 
oratories, Inc. The monoclonal anti-His, anti-Grp94 (2104), phospho-p44/ 
p42 MAPK (Erkl/2; Thr202/Tyr204), and total p44/42 MAPK (Erkl/2) 
antibodies were obtained from Cell Signaling Technology. The anti-TGN46 
was obtained from Novus Biologicals (NB1 1 0-40769). The polyclonal 
anti-Myc, normal mouse IgG isotypic control antibody, and anti-GAPDH 
and anti-Hsp90 antibodies as well as the protein G-agarose beads were 
purchased from Santa Cruz Biotechnology, Inc. The polyclonal and mono- 
clonal anti-L-PGDS antibodies, PGD 2 , AT-56, BWA868C, and PGH 2 were 
obtained from Cayman Chemical Co. MK-0524 was obtained from Axon 
Medchem BV. Alexa Fluor 633 goat anti-mouse, Alexa Fluor 647 goat 
anti-rat, Alexa Fluor 546 goat anti-rabbit, Alexa Fluor 488 goat anti-rabbit, 
and ProLong Gold antifade reagent were purchased from Invitrogen. Gel- 
danamycin was purchased from Enzo Life Sciences (EI-280). 

Plasmid constructs 

The cDNA fragment coding for the C terminus of human DPI (amino acids 
331-359) was generated by PCR using the high fidelity DNA polymerase 
(Phusion; New England Biolabs, Inc.) from the pcDNA3-HA-DPl construct 
(Gallant et al., 2005). The PCR fragment was digested with EcoRI and Xhol 
and ligated into the pGEX4Tl vector (GE Healthcare). The ICL1 (amino acids 
46-57) and ICL2 (amino acids 1 29-1 50) fragments of DPI were generated 
by annealing two pairs of complementary oligonucleotides. Equal quantities 
of oligonucleotides were mixed and denatured by boiling for 5 min. The mix 
was then incubated at room temperature for 30 min to allow hybridization, 
digested with EcoRI and Xhol, and ligated into the pGEX4Tl vector digested 
with the same enzymes. The ICL3 (amino acids 217-262) fragment of DPI 
was amplified by PCR, digested with EcoRI and Xhol, and ligated into the 
pGEX4Tl vector digested with the same enzymes. All site-directed mutagen- 
esis was performed by PCR using the Phusion high fidelity DNA polymerase. 
The L-PGDS-C65A-HA mutant was prepared from the pcDNA3-L-PGDS-HA 
construct (Mathurin et al., 2011) by using the following primers: L-PGDS 
forward, 5 '-ATCGGATCCATGGCTACTCATCACACG-3 ' ; L-PGDS-C65A 
reverse, 5 '-CCACCACAGACTTGGCCATGGACAACGCC-3 ' ; L-PGDS-C65 A 
forward, 5 '-GGCGTTGTCCATGGCCAGGTCTGTGGTGG-3 ' ; and L-PGDS re- 
verse, 5 '-GATGAATTCCTAAGCGTAGTCTGGGACGTCGTATGGGTATTGTT- 
CCGTCATGC ACTTATC-3 ' . The fragments were ligated by PCR extension 
method. The full-length fragment was digested with BamHI and EcoRI and ligated 
into the pcDNA3 vector digested with the same enzymes. The L-PGDS-W43A/ 
G47A-HA mutant was prepared from the pcDNA3-L-PGDS-HA construct by 
using the following primers: L-PGDS- W43A/G47A forward, 5'-CTGG- 
GGCGCGCATTCAGCGCGGCACTCGCCTCC-3 ' ; L-PGDS-W43A/G47A 



reverse, 5 '-GGAGGCGAGTGCCGCGCTGAATGCGCGCCCCAG-3 ' ; and 
L-PGDS forward and L-PGDS reverse as described previously in this para- 
graph. The fragments were ligated by PCR extension method. The full-length 
and W43A/G47A mutant fragment were digested with BamHI and EcoRI 
and ligated in the pcDNA3 and pGEX4Tl vectors digested with the same 
enzymes. The pcDNA3-dynamin-K44A construct was a gift of J.L. Benovic 
(Thomas Jefferson University, Philadelphia, PA). The full-length Hsp90 and 
AMEEVD mutant cloned into pcDNA3.1-N-HA were provided by Y. Mat- 
suura (Research Institute for Microbial Diseases, Osaka University, Osaka, 
Japan). A PCR fragment corresponding to the cDNA coding for full-length 
L-PGDS was inserted into the pRSETA expression vector (Invitrogen) as de- 
scribed previously (Mathurin et al., 201 1 ). The wild-type arginine vasopres- 
sin receptor 2 and its intracellularly trapped W164S and Y205C mutant 
constructs were provided by M. Bouvier (University of Montreal, Montreal, 
Quebec, Canada). 

Cell culture and transfections 

HEK293 (human embryonic kidney 293), human colorectal adenocarci- 
noma (HT-29), and HeLa cells were maintained in DMEM (Invitrogen) sup- 
plemented with 1 0% fetal bovine serum at 37°C in a humidified atmosphere 
containing 5% C0 2 . Transient transfection of HEK293 and HeLa cells 
grown to 50-70% confluence was performed using the TranslT-LTl reagent 
(Mirus Bio LLC) according to the manufacturer's instructions. The total DNA 
amount was kept constant by adding an empty pcDNA3 vector per plate. 

Immunoprecipitation 

HEK293 cells were transiently transfected with the indicated constructs and 
were maintained as described in the previous paragraph for 48 h. Where 
indicated, cells were incubated in the presence of 1 uM PGD 2 for the de- 
sired times before harvesting. The cells were then washed with ice-cold PBS 
and harvested in 200 pi lysis buffer (150 mM NaCI, 50 mM Tris, pH 8.0, 
0.5% deoxycholate, 0. 1 % SDS, 1 0 mM Na 4 P 2 0 7 , 1 % IGEPAL, and 5 mM 
EDTA or 1 mM CaCI 2 depending on the antibody used for the assay) sup- 
plemented with protease inhibitors (9 nM pepstatin, 9 nM antipain, 1 0 nM 
leupeptin, and 1 0 nM chymostatin; Sigma-Aldrich). After 45 min of incuba- 
tion in lysis buffer at 4°C, the lysates were centrifuged for 15 min at 
1 4,000 g at 4°C. Proteins were immunoprecipitated for 60 min using 1 pg 
of specific antibodies before adding 40 pi of 50% protein G-agarose 
beads to the lysates for 30 min. Samples were then centrifuged for 2 min 
in a microcentrifuge and washed three times with 1 ml lysis buffer. Immuno- 
precipitated proteins were eluted by addition of 35 pi SDS sample buffer 
followed by an incubation of 60 min at room temperature. Initial lysates 
and immunoprecipitated proteins were analyzed by SDS-PAGE and immuno- 
blotting with specific antibodies. Endogenous immunoprecipitations were 
performed in HeLa and HT-29 cells. Cells were harvested and processed 
as described for HEK293 cells except proteins were immunoprecipitated 
overnight using 5 pg L-PGDS-specific or appropriate control antibodies 
and 40 pi of 50% protein G-agarose beads. 

Recombinant protein production and pull-down analysis 

To produce GST-tagged proteins, PCR fragments corresponding to the 
C terminus and intracellular loops of DPI as well as L-PGDS and its mutant 
W43A/G47A were inserted in the pGEX-4Tl vector (GE Healthcare), and 
the fusion proteins were produced in C41 (DE3) Escherichia co/i strain (Over- 
Express; Avidis) by following the manufacturer's instructions. Gluthatione- 
Sepharose 4B (GE Healthcare) was used for protein purification, and the 
purified recombinant proteins were analyzed by SDS-PAGE followed by 
Coomassie brilliant blue R-250 staining. The His-tagged L-PGDS construct 
was produced and purified using nickel— nitrilotriacetic acid-agarose resin 
(QIAGEN) as indicated by the manufacturer, as described previously 
(Mathurin et al., 201 1). 5 pg of each gluthatione-Sepharose-bound GST- 
tagged fusion protein was incubated with 5 pg of the purified His-tagged 
full-length proteins in binding buffer (10 mM Tris-HCI, pH 7.4, 150 mM 
NaCI, 1 mM EDTA, 10% glycerol, 0.5% IGEPAL, and 2 mM DTT) supple- 
mented with protease inhibitors (9 nM pepstatin, 9 nM antipain, 1 0 nM le- 
upeptin, and 1 0 nM chymostatin). The binding reactions were then washed 
three times with binding buffer. SDS sample buffer was added to the each 
reaction before boiling the tubes for 5 min. All reactions were analyzed by 
Western blotting using specific antibodies as indicated. To perform Histone 
pull-down assays, purified His-Hsp90-a (catalog #10202) and purified 
L-PGDS (catalog #10006788) were purchased from Cayman Chemical Co. 
His-Hsp90 was preincubated with nickel— nitrilotriacetic acid-agarose resin 
for 30 min before adding the purified L-PGDS for 1 h. The binding reac- 
tions were then washed three times with binding buffer. SDS sample buffer 
was added to the each reaction. All reactions were analyzed by Western 
blotting using specific antibodies as indicated. 
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Immunofluorescence staining and confocal microscopy 

For colocalization experiments, HEK293 cells were plated in 6-well plates at 
a density of 1 .5 x 1 0 5 cells/well. Cells were then transiently transfected with 
the indicated constructs, transferred onto coverslips coated with 0.1 mg/ml 
poly-L-lysine (Sigma-Aldrich) the following day, and further grown overnight. 
Cells were fixed with 4% paraformaldehyde in PBS, washed with PBS, per- 
meabilized with 0.1% Triton X-100 in PBS, and blocked with 0.1% Triton 
X-l 00 in PBS containing 5% nonfat dry milk. Cells were then incubated with 
primary antibodies diluted in blocking solution for 60 min, washed twice 
with PBS, blocked again with 0. 1 % Triton X-l 00 in PBS containing 5% non- 
fat dry milk, and incubated with the appropriate secondary antibodies di- 
luted in blocking solution. The cells were washed three times with PBS, and 
the coverslips were mounted using ProLong Gold antifade reagent. Confocal 
microscopy was performed at room temperature using a scanning confocal 
microscope (FV1000; Olympus) coupled to an inverted microscope with 
a Plan Apochromat 63x oil immersion objective lens, NA 1 .42 (Olympus). 
Following acquisition, images were pseudocolored using the FV10-ASW 
2.0.1 .0 viewer software (Olympus). HeLa cells were plated in 6-well plates 
at a density of 1 .5 x 10 6 cells/well directly onto coverslips and transiently 
transfected with the indicated constructs the same day. After 24 h, cells were 
starved overnight in DMEM medium containing 0.5% BSA and 20 mM 
Hepes. Cells were then left untreated or treated with 1 uM BWA868C or 
100 pM AT-56 for the indicated time periods at 37°C in starving medium 
and further processed as described for HEK293 cells. 

Measurement of cell surface receptor expression 

For quantification of cell surface receptor expression, 6 x 10 5 HEK293 
cells were plated in 24-well plates pretreated with 0.1 mg/ml poly-L-lysine. 
Cells were transfected with the indicated constructs and maintained for an 
additional 48 h. Cells were then fixed in 3.7% formaldehyde/TBS (20 mM 
Tris, pH 7.5, and 1 50 mM NaCI) and washed twice with TBS. Nonspecific 
binding was blocked with TBS containing 1 % BSA for 45 min. A monoclo- 
nal FlagMi-specific antibody was then added at a dilution of 1 :2,000 in 
1 % TBS-BSA for 60 min. Following the incubation, cells were washed three 
times and blocked again with 1% TBS-BSA for 15 min. Cells were then in- 
cubated with an alkaline phosphatase-conjugated goat anti-mouse anti- 
body at a 1:1 0,000 dilution in 1 % TBS-BSA for 60 min. The cells were then 
washed three times, and 250 pi of a colorimetric alkaline phosphatase 
substrate was added. The plates were incubated at 37°C for 30 min fol- 
lowed by the addition of 250 pi NaOH (0.4 M) to stop the reaction. 
A 100-pl aliquot of the colorimetric reaction was collected, and the absor- 
bance was measured at 405 nm using a spectrophotometer (Titertek Multi- 
skan MCC/340; Labsystems). 

ERK1/2 phosphorylation 

HeLa cells or HEK293 cells were seeded in 60-mm dishes at 4.5 x 1 0 5 and 
7 x 1 0 5 cells per dish, respectively, and grown for 24 h before transfection 
with the indicated constructs. 24 h after transfection, cells were starved 
overnight in DMEM supplied with 0.5% BSA and 20 mM Hepes, pH 7.5, 
and then treated with 1 pM PGD 2 for the indicated times. The reactions 
were stopped with 900 pi of sample buffer (62.5 mM Tris, pH 7.0, 2% wt/vol 
SDS, 10% glycerol, 50 mM DTT, and 0.01% wt/vol bromophenol blue) 
and sonicated. After sonication, samples were analyzed by Western blot- 
ting using phospho-p42/44 and secondary horseradish peroxidase- 
conjugated anti-rabbit antibodies. Experiments were performed at least 
three times for each condition. For experiments using siRNAs, HeLa cells 
were seeded and transfected with the indicated siRNA on the same day. 

siRNA assays 

The synthetic oligonucleotide targeting the human L-PGDS [PTGDS] gene 
(siRNA ID si 1446) was purchased from Ambion. The negative control 
siRNA was also purchased from Ambion (Silencer Negative Control 1 ; cat- 
alog number 4390843). HeLa cells stably expressing the HA-DP1 receptor 
were transfected with 200 nM oligonucleotide using the Lipofectamine 
2000 transfection reagent (Invitrogen) according to the manufacturer's in- 
structions. Protein expression was assessed by Western blotting at 72 h 
after transfection. 

PGD 2 production assays 

HEK293 cells were plated in 24-well plates and transiently transfected with 
the indicated constructs. The cells were then incubated for 1 5 min at 37°C 
in the presence of 5 pM PGH2. Secreted PGD2 present in the media was 
then measured with the PGD 2 enzyme immunoassay (EIA) kit according to 
the manufacturer's instructions (Cayman Chemical Co.). GST-L-PGDS and 
GST-L-PGDS-W43A/G47A were diluted in EIA buffer from the PGD 2 EIA 



kit. PGH 2 to a final concentration of 0.5 pM was added, and the reaction 
was performed for 1 min and then stopped with 0.4 mg/ml SnCI 2 . The 
PGD 2 produced was then measured with the PGD 2 EIA kit according to the 
manufacturer's instructions. 

Statistical analysis 

Statistical analysis was performed using Prism v5.0 (GraphPad Software) 
using a two-tailed Student's f test. 

Online supplemental material 

Fig. SI describes the specificity of the L-PGDS interaction with DPI as HA- 
tagged L-PGDS coimmunoprecipitates with DPI but not with other GPCRs 
tested that included CRTH2, p 2 AR, TP-0, and V2R in HEK293 cells. Online 
supplemental material is available at http://www.jcb.org/cgi/content/ 
full/jcb.201 30401 5/DC1. 
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